Two isoforms of dihydroxyacetone phosphate reductase were present in Dunaliella tertiolecta. The major form was located in the chloroplast and the minor form in the cytosol. The chloroplastic reductase eluted first from a DEAE cellulose column followed immediately by the cytosolic form. Both forms were unstable and cold labile. Addition of 5 millimolar dithiothreitol helped to stabilize the enzymes. The cytosolic isoform of DHAP reductase was detected only if the cells were in an active log phase of growth. Then its activity was 20 to 30% of the total reductase activity. When cell cultures entered late log phase of growth the activity of the cytosolic form of the enzyme disappeared, but the chloroplastic form remained. The cytosolic DHAP reductase from Dunalieila has some properties similar to the cytosolic isoform from spinach leaves. Detergents inhibited both enzymes. However, neither form of the algal dihydroxyacetone phosphate reductase was stimulated by fructose 2,6-bisphosphate. In DunalielIa the properties of the chloroplastic form were those expected for glycerol production for osmoregulation, whereas the cytosolic form, like the reductases in leaves, is more likely involved in glycerol phosphate formation for lipid synthesis.
We (4) and others (1, 7, 11, 14) have also investigated an extremely active DHAP reductase in Dunaliella chloroplasts, whose major function has been considered to be to produce glycerol for osmoregulation. The chloroplast form from Dunaliella has different properties than the two leaf forms, but it was stimulated by E. coli thioredoxin (4) . This major Dunaliella enzyme was stimulated by 25 mM Mg2' or 250 mm salts, such as KCl, NaCl, or buffer, whereas both of the higher plant isoforms were inhibited by these salts. In many investigations with Dunaliella only one form of DHAP reductase had been detected. The presence of two forms of DHAP reductase in leaves in different subcellular locations suggested that Dunaliella also might have other forms of DHAP reductase, particularly a cytosolic form, for lipid synthesis.
This report describes a second more labile form of DHAP reductase from Dunaliella which is located in the cytosol. The cytosolic form is less active than the major chloroplast form and measureable activity was not detectable under physiological growth conditions that did not support rapid growth. Partial isolation of the cytosolic isoform of DHAP reductase in Dunaliella and a description of its properties are presented.
Chloroplast and cytoplasmic forms ofthe DHAP2 reductase activity of sn glycerol-3-phosphate:NAD oxidoreductase (EC 1.1.1.8) have been isolated from higher plants (2) (3) (4) (5) . The chloroplast form was stimulated fivefold by spinach thioredoxin but only threefold by Escherichia coli thioredoxin (2) . The cytoplasmic form was stimulated twofold by Fru 2,6-P2 and activity was further enhanced by the presence of Mg2' at a 1:1 ratio of Mg2+ to Fru 2,6-P2 (3, 6) . The levels of activity of the two DHAP reductases in leaves depended on the physiological state of the plant (5 
MATERIALS AND METHODS Organism and Growth Conditions
Dunaliella tertiolecta (CSIRO, Marine Laboratory, Hobart, Australia) was maintained on agar slants at room temperature in continuous light. Cultures were grown with rotary agitation at 25 to 26°C in white fluorescent light (140 AE . M-2m-s ') in minimal growth medium (15) containing 0.17 M NaCl. One hundred mL of growth medium in a 250 mL Erlenmeyer flask was seeded with an axenic culture from an agar slant and incubated without shaking in continuous light with air to develop a preinoculum culture. After 1 week, other 100 mL portions of medium were inoculated with 10 mL of the preinoculum.and incubated in air for another week in continuous light. Finally, a 100 mL inoculum was added to about 1 L of the growth medium in a 3 L wide-form culture flask. These cultures were aerated continuously with 5% CO2 in air. In order to partially synchronize the cells and to prevent excessive accumulation of starch, a light/dark regime of 16/8 h was used. Before harvesting, cultures were examined microscopically for contamination. Generally, the cultures were in the log phase of growth for the first 3 d after inoculation. One d before harvesting, fresh 250 mL of minimal medium containing 0.17 M NaCl was added to dilute the cultures in order to ensure log phase of growth. Cultures were harvested on the fourth day after the final inoculation, 4 to 5 h after the lights had been turned on, by centrifugation at 1000 g for 10 min. The cells were washed once by resuspending in 100 to 150 mL volume of fresh growth medium and centrifuging again at 15OOg for 10 min.
Isolation of Enzymes
The cell pellet was resuspended in 10 to 15 mL of ice-cold isolation buffer (pH 6.9) containing ice-cold 100 mM Tris and 20 mm ascorbate. The cell suspension with not more than 0.5 to 1 mg Chl per mL was placed in a chilled Yeda press and held at 1500 p.s.i. for 5 min and then broken by slow release of 2 to 3 mL per min. The breaking procedure was repeated and the homogenate was centrifuged at 40,000g for 30 min at 4°C. For further solubilization, the pellet of thylakoids and broken cells was resuspended and extracted again in 5 mL isolation buffer containing 50 ,M CHAPS and the centrifugation was repeated. Supernatants were pooled and the enzyme activities were absorbed on a 2.5 x 18 cm column of DEAE cellulose equilibrated with 25 mM Tris (pH 6.9) and 5 mM DTT. The enzyme was eluted using a linear gradient of 0 to 1 M KCI in 25 mm Tris and 5 mm DTT.
Intact, isolated, washed chloroplasts from Dunaliella cells were prepared as previously described (9) , except that the chloroplasts were washed twice. The 
RESULTS

Isolation of Two Forms of DHAP Reductase
Soluble proteins in homogenates of Dunaliella cells in the log phase of growth on high C02, as described in "Materials and Methods," were separated by DEAE cellulose chromatography ( Fig. 1, A and B) . The first main protein fraction measured by A280 contained mainly Rubisco as determined by SDS gel electrophoresis (results not shown). Just after elution of the Rubisco peak two separated isoforms of DHAP reductase were eluted (Fig. IA) . Each DHAP reductase fraction also contained Rubisco as a major contaminant detectable by SDS gel electrophoresis of peak fractions. The major DHAP reductase form which eluted first from the DEAE column was always present and represented the chloroplast form as previously reported (4). Only this major DHAP reductase form was present in isolated intact chloroplasts (Fig.  1B ) even when two peaks of DHAP reductase activity were seen in the DEAE-column eluate from whole cell homogenate. The second and smaller DHAP reductase fraction was not present in the chloroplast fraction. It was also not present in the mitochondrial or the membrane fraction obtained by differential separation (data not shown) but remained in the high speed supernatant. Due to its solubility, the absence of activity in mitochondria or the membrane fraction, and some similarities in properties to the cytosolic form from leaves, we are tentatively calling the second peak of activity the cytosolic form from Dunaliella cells. The cytosolic form varied greatly in total activity, and although the gradient shown in Figure  1A is representative, it does not indicate the maximum amount of this form of DHAP reductase. Under best growth conditions up to 30% of the total DHAP reductase activity in Dunaliella cells has been found in the cytosolic isoform.
Dunaliella growth conditions caused a variation in the measurable activity of cytosolic DHAP reductase. Most activity was found when the cells were harvested while in the log phase ofgrowth and during active photosynthesis. By the fifth day of growth, when the cells were entering late log phase of growth, the cytosolic activity was lost. For this reason the cells in log phase of growth were harvested 4 h into the light cycle of growth 4 d after innoculation. Growth conditions which were required for the best yield of the second isoform of DHAP reductase were a light dark cycle of 16/8 h, 5% CO2
in air, addition of fresh media the night before harvesting, and harvesting while the cultures were in the log phase of growth. Removal of CO2 for a few hours, which resulted in cessation of growth and greatly reduced photosynthesis, resulted in loss of the cytosolic activity.
The amount of detectable cytosolic activity also depended upon the enzyme extraction, isolation, and storage condition. The cytosolic DHAP reductase activity was extremely labile often with a half-life of only 2 h at 4°C after elution from the DEAE column. Because it took longer than 2 h to isolate the enzyme, the amount of enzyme inactivation before assaying the cytosolic activity but retain substantial amounts of the chloroplastic activity. In our previous publication concerning Dunaliella DHAP reductase, none of the cytosolic form was present immediately following the large chloroplastic peak from the DEAE column (4, Fig. 1 ). The cytosolic form may not have been observed previously because the algae had been harvested on the sixth or seventh day after inoculation when cells had reached late log phase of growth. Traces of activity at other locations on the gradient profile have been found not to be reproducible. Several isolation and storage procedures have been used to try to stabilize the cytosolic form of DHAP reductase and improve its yield. (a) The enzyme from the Dunaliella chloroplasts seems to be cold labile, for activity could be partially recovered by warming to 35°C for 2 h (4). However, for both Dunaliella isoforms heat reactivation was limited and prolonged storage at room temperature resulted in loss of activity (Table I) had little effect on the cytosolic isoform. This result is consistent with the isoforms in higher plants (2) . Although DTT stimulates DHAP reductase from spinach chloroplasts nearly as well as spinach chloroplast thioredoxin (2) DTT had no stimulatory effect on the Dunaliella isoforms. However, DTT did slow down enzyme inactivation (data not shown).
Magnesium chloride and KCI in the presence of 100 mM buffer inhibited the cytosolic isoform ( Fig. 3 ; Table II ). At 150 mm KCI the enzyme was inhibited more than 70% and at 25 mM MgCl2 inhibition was about 45%. This is in contrast to the chloroplastic isoform which was stimulated threefold by these concentrations of KCI and MgC92.
Spinach leaf cytosolic DHAP reductase is characterized by activation by Fru 2,6-P2 (3, 6). However, the Dunaliella cytosolic DHAP reductase was inhibited by 20 to 40 Mm Fru 2,6-P2 (Fig. 4A) . At physiological levels of Fru 2,6-P2 (1-2 Mm) there was no effect. One hundred-fold higher levels of Sedo 1,7-P2 or inorganic phosphate were similarly inhibitory. Because the Sedo 1,7-P2 solution was acid treated to destroy Fru 2,6-P2, the Sedo 1,7-P2 inhibition of the cytosolic isoform is probably not due to Fur 2,6-P2 contamination. Inhibition by these phosphate esters and phosphate might suggest a regulatory site for a phosphate compound. Although Chlorella contains Fru 2,6-P2 (12), its function is algae is unknown. Fru 2,6-P2 does not effect the algal form of phosphofructokinase and pyrophosphate D-fructose-6-phosphate, -phospho-transferase (13) or the cytosolic DHAP reductase as it does for the corresponding enzyme in leaves (3) .
Both spinach leaf DHAP reductases are severly inhibited by a few Mm of detergents (2) However, the Dunaliella cytosolic DHAP reductase was inhibited by the detergents, Triton X-100, deoxycholate, octylglucose or CHAPS (Fig. 5) . Thus, the cytosolic forms of DHAP reductase from leaves or from Dunaliella are detergent sensitive. Nevertheless, the Dunaliella cytosolic enzyme is much less inhibited by detergents than are the leaf reductases. It is possible that feedback inhibition by lipids is a feature of isozymes of DHAP reductase which form glycerol-P for lipid synthesis.
Effect of CO2 Concentration during Growth on DHAP Reductase Activities
The chloroplastic isoform is the major form of DHAP reductase in Dunaliella and was always present if the algae were grown on a high salt medium (0.17 M) and with air or 5% CO2 in air. Twofold variations in total activity of this isoform have been noted with a general conclusion that more activity is obtained when the algae are rapidly growing on 5% CO2 (results not shown).
Large changes in total activity of the cytosolic DHAP reductase were correlated with the level ofCO2 during growth. Removal of 5 % CO2 from actively growing Dunaliella cultures resulted in the complete loss of the cytosolic DHAP reductase activity in 1 to 3 h without change in the activity of the chloroplastic form. During this period Dunaliella did not have a DIC concentrating mechanism (10) . Until the DIC concentrating mechanism was established growth was very (7, 8, 11, 14) . Leaves of higher plants have two different isoforms of DHAP reductase, one in the chloroplast and one in the cytosol, which probably function in the synthesis of glycerol phosphate needed for lipid synthesis (2, 3) . Consequently, it was not surprising to find in Dunaliella a cytosolic isoform of DHAP reductase which was similar in some ways to the cytosolic isoform from spinach leaves. The Dunaliella cytosolic form was previously not detected, because it was extremely labile, was present only in rapidly growing cells, and was in relatively low amounts compared to the large amount of the form for production of glycerol. The cytosolic form from Dunaliella differed from the spinach isoform in several ways. Although both were unstable, the Dunaliella cytosolic isoform was also cold sensitive. The Dunaliella cytosolic enzyme used either NADH or NADPH as a reductant whereas the spinach form prefered NADH. Fru 2,6-P2 at 1 to 10 AM activated the spinach cytosolic isoform but inhibited the Dunaliella form slightly at the same concentrations. The significance of this difference is not known.
Variations in the activity of the Dunaliella cytosolic form of DHAP reductase suggest that its function is for glycerol-P synthesis for membrane lipid formation. The activity of the cytosolic isoform was measureable only when the algae were rapidly growing. It disappeared as the algal culture entered late log phase of growth. When algae growing on high CO2 were switched to air, growth ceased and the cytosolic DHAP reductase activity disappeared until growth was reestablished after the algae developed a DIC concentrating mechanism for growth on air. .-Isolated chloroplasts from Dunaliella contained the major DHAP reductase isoform for glycerol production. This form was stimulated by salts (4, 14) and somewhat stimulated by detergents. The Dunaliella cytosolic form and both forms of DHAP reductase in the spinach leaves were inhibited by salts and by traces of detergents. Thus, the Dunaliella DHAP reductase for osmotic regulation through glycerol production is distinctly different from the other reductases which probably function for glycerol-P production for lipid synthesis and for increased respiration.
The spinach cytosolic form was about 20 to 30% of the total DHAP reductase activity during active photosynthesis. When spinach plants were placed in the dark or on long days, the cytosolic form increased in activity and the chloroplast form decreased (5) . When algal cells reached late log phase, they ceased growing, but they did not need to move metabolites to distant sinks as does the higher plant. This difference may be related to the reason the Dunaliella cytoplasmic DHAP reductase form disappeared when cells entered the lag phase of growth, whereas the higher plant cytosolic form increased.
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